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THE MECHANISM OF IGPR-1 ACTIVATION IN ENDOTHELIAL CELLS 
RAWAN TAHBOUB 
ABSTRACT 
 Disruption of the integrity of vascular endothelium plays an essential role in the 
development and the progression of numerous human diseases, including 
sepsis, atherosclerosis and others. A complex array of transmembrane adhesive 
proteins located in junctional structures, support endothelial integrity and control 
vascular permeability. Furthermore, they are able to transmit intracellular signals 
to coordinate various endothelial biological responses to insure normal vascular 
function. Immunoglobulin-containing and proline rich receptor-1 (IGPR-1) is a 
novel cell adhesion molecule that is involved in angiogenesis and in the 
regulation of endothelial permeability. IGPR-1 is phosphorylated at Ser220, 
which is required for its ability to mediate actin fibril reorganization. In this study, 
we demonstrate that the phosphorylation of IGPR-1 at Ser220 is stimulated by 
cell spreading and cell adhesion in porcine aortic endothelial (PAE) cells. 
Blocking homophilic trans-dimerization of IGPR-1 by a blocking antibody inhibited 
cell-density phosphorylation of IGPR-1. More importantly, phosphorylation of 
IGPR-1 at Ser220 is increased in PAE cells under shear stress, which was 
essential for IGPR-1-mediated endothelial cell alignment in response to shear 
stress. Taken together, this study demonstrate that IGPR-1 activity is regulated 
be endothelial cell spreading and density. And its activity plays an important role 
in endothelial cell alignment in response to shear stress. 
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From the heart to the finest branches of the vascular tree, endothelial cells 
align to form a single cell layer that lines the luminal surface of the blood vessels 
and lymphatics. For a long time, the endothelium was perceived as “a sheet of 
nucleated cellophane” (Florey, 1966) that coats the vessel wall and regulate the 
flux of water, solutes, and cells into and out of the blood. However, endothelial 
cells are now recognized to govern vascular health through coordinating the 
fundamental functions of the blood vessels (Craige et al., 2015). 
In order to meet the demands of the underlying tissues and to adapt to the 
constantly changing environment, endothelial cells display remarkable diversity in 
their morphology, function and gene expression along the different sections of 
the vascular tree (Aird, 2005). Endothelial cells are typically thin, flat and closely 
glued to each other by specialized intercellular junctions. However, their shape, 
thickness, and junctional composition differ widely according to the vessel type 
and the specific functions of each vascular bed (Aird, 2007). For example, 
endothelial cells lining the aorta form a continuous layer of cells, each is about 1 
um in thickness, elongated and aligned in the direction of blood flow. This cellular 
layer is equipped with a highly developed system of intercellular junctions (Aird, 
2007). In contrast, endothelial cells lining the capillaries are thinner, measuring 
about 0.1 um in thickness, and generally connected by loose and disorganized 
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tight junctions reflecting their crucial function as a diffusion barrier between the 
blood and the underlying tissues (Aird, 2007). 
In addition to their structural variance, endothelial cells show phenomenal 
heterogeneity in function (Aird, 2012). Endothelial cells are known to perform 
numerous outstanding functions that are paramount to vascular biology 
(Rajendran et al., 2013). These include: 1.The control of vasomotor tone 
(vasoconstriction and vasodilatation) through the production of various 
vasoactive compounds such as Nitric oxide (NO) and prostacyclin (Craige et al., 
2015), 2. The maintenance of blood fluidity through the prevention of platelets 
aggregation and the expression of a site-specific reservoir of anticoagulants and 
pro-coagulants (Aird, 2007), 3. The participation in the local immune and 
inflammatory responses by regulating the trafficking of lymphocytes and 
leukocytes through the vessel wall into the underlying tissues (Sumpio et al., 
2002), 4. The promotion of angiogenesis; the sprouting of new blood vessels 
from pre-existing ones (Craige et al., 2015), and 5. The site-specific control of 
vascular permeability and the infiltration of water and solutes between the blood 
and the interstitium (Aird, 2007). Vascular health and integrity is predominantly 
dependent on endothelial cells ability to sense environmental stimuli rapidly and 
to adapt accordingly. Whenever compromised, the endothelium becomes 
dysfunctional, favoring a state of vasoconstriction, inflammation, and thrombosis, 
which promotes the development of atherosclerosis and several cardiac, cerebral 
and renal disorders (Rajendran et al., 2013). 
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Under normal physiological conditions, endothelial cells are immobile, 
quiescent, and have long half-lives. However, they can be activated by a unique 
set of pro-angiogenic cues, signaling them to migrate, proliferate, and eventually 
reorganize to form a new circuit for blood flow (Abhinand et al., 2016). This finely-
tuned process is principally dependent on the complex interactions between the 
endothelial cells, the extracellular matrix and an array of soluble molecules that 
promote and guide angiogenesis (Abhinand et al., 2016). Cells in any hypoxic 
tissue increase their intracellular concentration of hypoxia-inducible factor 
(HIF1a), which stimulates the production of vascular endothelial growth factor 
(VEGF) (Carmeliet and Jain, 2011). Afterwards, VEGF stimulates neighboring 
endothelial cells to divide, degrade the underlying extracellular matrix proteins, 
and create nascent sprouts. Interconnecting sprouts expand the vascular 
network to nourish the hypoxic tissue with oxygen and nutrients (Carmeliet and 
Jain, 2011). Eventually, oxygen decreases HIFα1 activity and VEGF production 
subsequently, which terminates angiogenesis (Carmeliet and Jain, 2011). 
Fluids and solutes are constantly flowing between the blood and the 
interstitium either through the endothelial cells (the transcellular route) or 
between them (the paracellular route) (Dejana et al., 2009). Macromolecules get 
transported across the cells via clusters of membrane-bound vesicles known as 
vesiculo-vacuolar organelles (VVOs) and specialized integral transporters 
(Dvorak and Feng 2001; Aird, 2007). While the dynamic opening and closing of 
endothelial junctions governs the infiltration through the paracellular pathway 
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(Dejana et al., 2008). VEGF, histamine and other agents known to destabilize 
vascular integrity and increase permeability can affect both systems by 
increasing the number and organization of the vesicles (Feng et al.1996) and by 
weakening interendothelial adhesion (Esser et al., 1998; Andriopoulou et al., 
1999). Transport through the endothelial monolayer must be tightly orchestrated 
to maintain vascular integrity and to protect the body from uncontrolled leakiness 
of fluids and solutes, inflammation or thrombosis (Dejana, 2004). 
Endothelial cells interact with each other and with the components of the 
extracellular matrix in order to prevent their detachment from the substratum and 
to maintain the mechanical integrity of blood vessels (Bazzoni and Dejana, 
2003). Interendothelial interactions are mediated by plasma membrane 
specializations, called cellular junctions (Bazzoni and Dejana, 2003). A distinct 
array of junctional transmembrane proteins interact with each other and with 
cytoplasmic partners that link them to the actin-cytoskeleton (Bazzoni and 
Dejana, 2003). They connect the cells together and control endothelial 
paracellular permeability (Dejana et al., 1999; Bazzoni and Dejana 2003). 
Endothelial junctions are dynamic structures (Bazzoni and Dejana, 2003). Early 
during the endothelial layer organization, they cluster at the sites of cell-to-cell 
contacts and form complexes, then as time passes, they assume their final 
zipper-like morphology by lateral adhesion along the cell border (Yap et al., 1997; 
Yap et al. 1998). Even after contacts have been stably assembled, adhesion 
proteins are still in a dynamic equilibrium, and recycle continuously between the 
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plasma membrane and the intracellular compartments (Bazzoni and Dejana, 
2003). 
Even though they lack typical desmosomes (Dejana et al., 2009), 
endothelial cells share many specialized junctional regions with epithelial cells, 
including adherens junctions (AJs), tight junctions (TJs) and gap junctions (GJs) 
(Dejana et al., 1999). Whereas GJs form hydrophilic transmembrane channels 
allowing direct communication between neighboring cells (Bazzoni and Dejana, 
2003), TJs and AJs assume a pericellular zipper-like arrangement along the cell 
border through their transmembrane homophilic binding (Bazzoni and Dejana, 
2003). They are also anchored to the cytoskeleton through the interaction of their 
intracellular domains with scaffolding proteins that link them to the actin 
microfilaments (Dejana et al., 1999). Furthermore, they interact with various 
signaling proteins to transmit signals from the extracellular environment across 
the plasma membrane to coordinate interendothelial adhesion, cellular 
proliferation, differentiation and polarity (Cerutti and Ridely, 2017). Although AJs 
and TJs differ in their molecular components, they cooperate to regulate vascular 
permeability (Bazzoni and Dejana, 2003). 
TJs maintain tight adhesion between the cells through creating numerous 
fusion points between the plasma membranes of adjacent cells (Gonz!alez-
Mariscal et al., 2003). They consist of several transmembrane proteins including 
occludin, junctional adhesion molecules (JAMs), and members of the claudins 
proteins family (Förster, 2008). TJs form a multifunctional complex, they act as a 
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gate that regulate the passage of fluids, solutes, and cells through the 
paracellular route, they also create a fence that prevents the free movement of 
lipids and proteins between the apical and the basolateral cell surfaces, and they 
are also involved in signal transduction (Chiba et al., 2007). In contrast to 
epithelial cells, in which TJs are often located apically with respect to AJs, both 
junctions in endothelial cells are mixed throughout cell-cell contacts, implying a 
functional interaction between these structures (Bazzoni and Dejana, 2003; 
Dejana, 2004). 
AJs assemble at the early stages of intercellular contacts, and possibly, 
can influence the correct organization of TJs (Bazzoni and Dejana, 2004; Dejana, 
2004). Vascular endothelial (VE)-cadherin, an endothelial-specific cell adhesion 
molecule, is the major structural component of endothelial AJs (Dejana et al. 
1999). Its extracellular domain consists of five cadherin-like repeats that co-
polymerizes laterally, and via trans-homophilic interactions, mediates adhesion 
between adjacent cells in a Ca+2_dependent manner (Vincent et al. 2004; 
Giannotta et al. 2013). Through their cytoplasmic domains, VE-cadherins recruit 
catenins (mainly β- and p120- catenins), which couple the complex to actin 
filaments via actin binding proteins, among which are α-catenin, vinculin, and 
eplin (Noda et al., 2010; Gavard, 2014). Previous studies have shown that 
tyrosine phosphorylation of VE-cadherin (or its interaction partners), its cleavage 
or internalization, can weaken the junctions and impair barrier function (Dejana et 
al., 2008). Therefore, VE-cadherins are fundamental for maintaining vascular 
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integrity and modulating permeability through the dynamic opening and closing of 
intercellular junctions (Vestweber, 2007; Gavard, 2014). 
Another novel cell adhesion molecule that was found to localize at the 
endothelial AJs in cell culture (Wang et al., 2016) and contributes to cell-cell 
adhesion is Immunoglobulin and proline-rich receptor-1 (IGPR-1) (Rahimi et al., 
2012). IGPR-1 is a glycoprotein that belongs to the immunoglobulin superfamily 
of cell adhesion molecules (IgSF CAMs) (Rahimi et al., 2012). It is widely 
expressed in human tissues, predominantly in epithelial and endothelial cells. 
However, IGPR-1 is not expressed in rodents, including mice and rats (Rahimi et 
al., 2012). 
After being synthesized, IGPR-1 gets transported to the plasma 
membrane as a di-sulfide linked cis-dimer (Wang et al., 2016). It has three 
domains (Rahimi et al., 2012): extracellular, transmembrane and intracellular. 
The extracellular domain contains a single Ig-like domain, which interacts in-trans 
with similar molecules on adjacent cells mediating cell adhesion. The 
transmembrane domain of IGPR-1 is short, followed by a proline-rich cytoplasmic 
tail which has the ability to interact with Src homology domain 3 (SH3)-containing 
signaling proteins. While scanning through a unique SH3 protein array, several 
SH3-containing proteins were identified to have the potential to bind IGPR-1 
proline-rich cytoplasmic domain (Rahimi et al., 2012), including SPIN90/WISH 
(SH3 protein interacting with Nck), which interacts with WASP and Arp2/3 
complex to regulate cell migration and angiogenesis, through the organization of 
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actin (Kim et al., 2007), and bullous pemphigoid antigen1 (BPAG1), a member of 
the plakins family of proteins. It’s a cytoskeleton-binding protein, which was found 
to bind some structures at the cellular junctions as well, anchoring them to the 
cytoskeleton (Leung et al., 2002).  
Additionally, the cytoplasmic domain of I GPR-1 is enriched with serine 
residues, seven of them are shown to be phosphorylated (Wang et al., 2016). 
Through series of Serine-to-Alanine mutations (which render these sites 
unphosphorable), it was revealed that the phosphorylation of Serine 220 
(Ser220) is important for IGPR-1 function, which was later found to be stimulated 
by IGPR-1 homophilic trans-dimerization (Wang et al., 2016). 
Previous studies have identified several fundamental functions for IGPR-1 
(Rahimi et al., 2012). It has been shown to mediate endothelial cell adhesion 
through homophilic interactions between molecules on opposing cell surfaces, it 
can also regulate focal adhesion and actin stress fiber remodeling in order to 
maintain cellular morphology. Moreover, it was found to promote capillary tube 
formation and angiogenesis in vitro and in vivo, inhibit cell migration, and 
regulate monolayer permeability to preserve an effective barrier function (Wang 
et al., 2016). 
Endothelial cells are constantly exposed to hemodynamic forces exerted 
by blood flow and pressure (shear stress and circumferential stretch respectively) 
(Deng et al. 2014). In order to adapt optimally, cells can detect, transmit then 
translate these physical forces into biochemical signals that direct them to 
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respond by changing their shape and gene expression (Deng et al. 2014). This 
process is known as mechanotransduction (Paluch et al., 2015). Any alteration in 
this finely-tuned response can induce profound pathophysiological 
consequences, which may lead to serious vascular disorders, including 
atherosclerosis (QiuPing et al. 2014). 
Shear stress can affect endothelial cells in various ways. In the short term, 
it modulates vessel tone, while chronically it can affect the vessel structure and 
remodeling (Zaragoza et al., 2012). Prolonged exposure of endothelial cells to 
sustained laminar flow results in their alignment in the direction of flow, due to 
cytoskeletal reorganization (Dewey et al., 1981). Members of the intercellular 
junctions serve as putative mechanotransducers, because of their strategic 
transmembrane location, their ability to transmit intracellular signals and their 
connection to the actin cytoskeleton (Davies, 1997). 
The overall objective of this project was to explore the mechanism of 
IGPR-1 activation and its biological functions in endothelial cells. Specifically, to 
investigate IGPR-1 activation during cell spreading, cell-cell interaction (e.g., 
endothelial cell density), and to test the hypothesis that IGPR-1 contributes to the 
integrity of endothelial cells under shear stress condition, acting as a 
mechanotransducer. 
 






1) Examine the hypothesis that endothelial cell spreading regulates IGPR-1 
activation.  
2) Determine the role of endothelial cell density in IGPR-1 activation. 
3) Investigate the hypothesis that IGPR-1 is activated under shear stress and 
acts as a putative mechanosensor that can affect the organization of actin 








Rabbit polyclonal anti-IGPR-1 antibody was developed in house against peptides 
corresponding to the intracellular domain of IGPR-1 as previously described 
(Rahimi et al., 2012). Anti-phosphoserine 220 IGPR-1 (pSer220) antibody was 
developed using phospho-serine 220 containing peptide, which was further used 
to purify the antibody via peptide affinity chromatography technique. 4F10 is one 
of three clones of monoclonal blocking IGPR-1 antibody which were developed 
by injecting B16F melanoma cells ectopically expressing IGPR-1 into mice. After 
being isolated, blocking antibodies have been validated for their ability to block 
IGPR-1 activity. Other antibodies which were used in this study are: anti-PLC 
gamma 1 antibody, anti-GAPDH antibody, anti-total Akt antibody, and anti-pAkt 
(pS473) antibody. 
 
Virus production and Cell culture 
PAE cells expressing IGPR-1 were established using pMSCV.puro vector 
containing IGPR-1 cDNA as previously described (Rahimi et al., 2012). PCR-
based, site-directed mutagenesis strategy (Meyer et al., 2006) was performed to 
generate the IGPR-1/A220 mutant, in which Serine 220 is mutated into the un-
phosphorable amino acid Alanine.  
PAE cells were maintained in Dulbecco’s Modified Eagle’s Medium (DMEM), 
supplemented with 10% fetal bovine serum plus antibiotics 
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(Penicillin/Streptomycin). All cells were placed in a humidified chamber 
supplemented with 5% CO2, and incubated at 37°C. All the cells used in this 
study were confirmed to be free of contamination. 
 
Western Blot Analysis 
PAE cells plates were placed on ice, washed twice with chilled H/S buffer [20 mM 
Hepes (pH 7.4) and 150 mM NaCl] then lysed using lysis (EB) buffer [10mM Tris-
HCl (pH 7.5), 10 mM EDTA, 50 mM NaCl, 50 mM NaF, 1%Triton X-100] 
containing 10uL/ml Na3VO4 and 15 ul/ml PIC (Protease Inhibitor Cocktail) [500 
μM AEBSF, hydrochloride, 150 nM aprotinin, bovine lung, crystalline, 1 μM E-64 
protease inhibitor, 0.5 mM EDTA, disodium, and 1 μM leupeptin, hemisulfate]. 
Whole cell lysates were centrifuged, then the supernatant was collected, mixed 
with 5X sample buffer [3.8% Tris-base, 50% glycerol, 5% sodium dodecyl 
sulphate (SDS), 5% β-mercaptoethanol, and .0025% bromophenol blue], and 
boiled at 95°C for 5 minutes. Cell lysates were later resolved on a 10% SDS-
polyacrylamide gel electrophoresis (SDS-PAGE) and transferred onto 
polyvinylidene difluoride (PVDF) membranes previously activated by methanol. 
After blocking with Blotto (2% non-fat dry milk and 0.05% Tween-20 in Western 
Rinse), membranes were immunoblotted with antibodies targeting the proteins of 
interest. Primary antibodies were diluted in Block (2% bovine serum albumin 
(BSA) and 0.05% Tween-20 in Western Rinse), while anti-rabbit or anti-mouse 
IgG HRP-linked secondary antibodies were diluted in Blotto. Primary antibody 
dilutions were 1:1000 (pSer220), 1:5000 (IGPR-1); 1:5000 (GAPDH); 1:500 
 
13 
(PLCγ1) and 1:1,000 (phospho-Akt and total-Akt). Secondary antibody (HRP-
conjugated goat anti-rabbit antibody) was used in 1:10,000 dilution. Finally, the 
membranes were developed with enhanced chemiluminescence (ECL). 
 
Cell Culture Assays 
PAE cells expressing IGPR-1 were grown in the 100-mms culture plates till 
reaching 90-100% confluence. Next, cells were trypsinized and collected in a 15 
ml conical tube. For the cells spreading experiment, the cells were divided 
equally into 4 culture plates (60-mms), and placed in the CO2 incubator at 37OC. 
At 60, 120, 180 and 240 minutes, the plates were taken out from the incubator, 
visualized under a light microscope, and then they were lysed in EB lysis buffer 
([10mM Tris-HCl (pH 7.5), 10 mM EDTA, 50 mM NaCl, 50 mM NaF, 1%Triton X-
100] containing 10uL/ml Na3VO4 and 15 ul/ml PIC (Protease Inhibitor Cocktail) 
[500 μM AEBSF, hydrochloride, 150 nM aprotinin, bovine lung, crystalline, 1 μM 
E-64 protease inhibitor, 0.5 mM EDTA, disodium, and 1 μM leupeptin, 
hemisulfate].). Cell lysates were mixed in sample buffer and after boiling at 95C 
for 5 minutes, were resolved in SDS-PAGE followed by western blot analysis 
using anti-IGPR-1 and anti-pSer220 antibodies. 
In some experiments such as cells density experiments, cells were counted, then 
50 * 104 cells were plated in each of 4 (60-mms) culture plates, and placed in the 
incubator subsequently. At 24, 48, 72 and 96 hours, a plate was taken out from 
the incubator, visualized under a light microscope to document the cells density, 
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and then lysed in EB lysis buffer. Cell lysates were prepared as mentioned 
above. After lysing the 4 plates, samples were resolved through SDS-PAGE 
followed by western blot analysis using anti-IGPR-1 and anti-pSer220 antibodies. 
For blocking the phosphorylation of Ser220, cells were treated with the blocking 
antibodies (1μg/ml) for overnight. 
 
Shear Stress experiments 
IGPR-1 expressing PAE cells were seeded in 100-mm plates and incubated till 
they were fully confluent. Next, cells were subjected to shear stress for 5, 10, 30, 
or 60 minutes using an orbital shaker positioned inside an incubator as 
previously described (Paz et al., 2012). A plate of IGPR-1/ PAE cells from the 
same passage, which was not spun, was kept in the same incubator and served 
as the static control.  
 
Immunfluorescent Microscopy  
In a culture hood, cover slips were placed in the wells of 2 (6-wells) plates, 
washed with 70% ethanol, and exposed for UV light for 30 minutes. Next, 
pMSCV, IGPR-1 and IGPR-1/A220- expressing PAE cells were seeded in the 
wells (2 wells of a plate for each group) to obtain about 90-100% confluence on 
the day of fixation. When the cells fully adhered to the wells (after about 4 hours), 
1 plate was placed on the orbital shaker in the incubator, and was exposed to 
shear stress for 24 hours. The other plate of cells, which was not exposed to 
shear stress, was placed in the same incubator and served as the static control. 
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Next day, slides were fixed with freshly prepared 4% paraformaldehyde (PFA) for 
15 minutes at room temperature after being washed once with PBS (Phosphate-
buffered saline). After washing 3 more times with PBS, cells were permeabilized 
with 0.25% Triton X-100 in western rinse for 10 minutes at room temperature, 
then washed 3 times with PBS. 0.20% Rhoadimine Phalloidin (which stains actin) 
in PBS was added to the slides, incubated in a dark place for 10 minutes, then 
washed twice with PBS. Labeled glass microscope slides were prepared, on 
which the cover slips were mounted in Vectashield mounting medium with DAPI. 









Figure 1: IGPR-1 is activated during cell spreading. (A) Representative 
images of spreading IGPR-1 expressing PAE cells at 60, 120, 180 and 240 
minutes. (B) Cells were lysed and whole cell lysates were subjected to 
western blot analysis and immunoblotted for pSer220 and total IGPR-1. (C) 
IGPR-1 expressing PAE cells were either incubated with IGPR-1-blocking 
antibody or not (control), then whole cell lysates were subjected to western 




Figure 2: IGPR-1 phosphorylation is regulated by endothelial cell 
density. (A) Representative images of the density of IGPR-1 expressing 
PAE cells at 24, 48, 62 and 96 hours. (B) Cell lystaes derived from these 
cells were subjected to western blot analysis and immunoblotted for 













Figure 3: IGPR-1 is activated in response to shear stress. (A) Shear 
stress cell culture model. (B) IGPR-1 expressing PAE cells were exposed to 
shear stress for 0, 5, 10, 30, and 60 minutes. Cell lysates derived from these 
cells were subjected to western blot analysis and immunoblotted for pSer220, 











Figure 4: IGPR-1 promotes endothelial cells reorganization under 
shear stress. (A) Representative images of pMSCV, IGPR-1 and 
A220-IGPR-1 expressing PAE cells either at control static conditions or 
after being exposed to shear stress for 24 hours. (B) Cell lysates 
derived from these cells were subjected to western blot analysis and 




















Figure 5: IGPR-1 regulates actin stress fiber formation under 
shear stress. Actin staining of pMSCV, IGPR-1 and A220-IGPR-1 
expressing PAE cells either at control static conditions or after being 























IGPR-1 is activated during cell spreading 
 
 
When cells first come in contact with a surface they adhere then spread. 
They flatten while extending many plasma membrane protrusions scanning the 
environment for substrates to bind to (Shawn et al., 2010). The initial connections 
are formed between cellular adhesion molecules (predominantly integrins) and 
proteins of the ECM (Shawn et al., 2010). Intercellular adhesion is formed 
subsequently via the engagement of other types of cell adhesion receptors 
(mainly cadherin) on the surface of adjacent cells. Cell spreading is a highly 
regulated process which is achieved through controlled reorganization of the 
cytoskeleton (Shawn et al., 2010). In order to determine if IGPR-1 is involved in 
the process of cell spreading and the subsequent initial cell-to-cell contacts 
formation, we platted equal number of IGPR-1 expressing PAE cells into 4 
culture plates and incubated them for 1 to 4 hours. We monitored the morphology 
of the spreading cells by a light microscope (Figure 1A) then we lysed a plate 
every 60 minutes and probed for pSer220 using western blot analysis to check 
for the activation of IGPR-1. We were able to detect the phosphorylation of 
Ser220 as early as 120 minutes after platting the cells and consistently 
afterwards (Figure 1B). In order to determine if this activation is dependent on 
IGPR-1 transdimerization, we incubated the cells with IGPR-1 specific blocking 
antibody which prevented the engagement of their extracellular domains. We 
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found that the phosphorylation of Ser220 has decreased significantly with this 
blockage (Figure 1C). Collectively, we conclude that homophilic interaction of 
IGPR-1 molecules on adjacent cells is fundamental for the phosphorylation of 
Ser220 and the activation of IGPR-1 during cell spreading. 
 
 
Endothelial cells density regulates IGPR-1 activity 
 
 
Next, we investigated whether the cells density can influence IGPR-1 
activity. We plated a fixed number of IGPR-1 expressing PAE cells in 4 culture 
plates and incubated them for 1 to 4 days. After 24 hours, we visualized the cells 
under a light microscope and took images to compare their density (Figure 2A), 
then lysed the cells afterwards. We repeated these steps at 48, 62 and 96 hours 
as well. Then, we analyzed the normalized cell lysates through western blot 
analysis, and probed for pSer220 and IGPR-1 (Figure 2B). We found that the 
phosphorylation of Ser220 was upregulated in the confluent cells, implying that 
the cells density can modulate IGPR-1 activity. 
 
 
IGPR-1 is activated in response to shear stress 
 
 
Endothelial cells lining the blood vessels are constantly exposed to 
mechanical shear stress generated by the flowing blood. Shear stress is known 
to affect the cells morphology, function and gene expression in order to maintain 
the vessel’s integrity (Dimmeler et al., 1998). Nonetheless, the exact mechanism 
the cells use to detect shear stress and generate related intracellular signals 
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remains indecisive. However, previous studies have shown that cell adhesion 
molecules are possible contributors (Davies, 1995). In order to test the 
hypothesis that IGPR-1 is a putative mechanosensor, we exposed a confluent 
monolayer of IGPR-1 expressing PAE cells to shear stress at a physiological 
level using an orbital shaker placed in the incubator (Figure 3A). 90-100% 
confluent plates of cells were spun for 5, 10, 30 or 60 minutes then lysed, in 
addition to a static plate from the same passage that served as a control. Next, 
the whole cell lysates were analyzed using western blot analysis and 
immunoblotted for pSer220, total IGPR-1 and PLC gamma as a loading control 
(Figure 3B). 
 Previous studies have shown that shear stress modulates the activity and 
induce the phosphorylation of several kinases in a time-dependent manner 
(Dimmeler et al., 1998). A prominent kinase which is activated by shear stress is 
the pro-survival serine/ threonine kinase Akt (protein kinase B) (Dimmeler et al., 
1998). Therefore we decided to probe for pAkt to assess the efficacy of our shear 
stress experimental model. We found that it was upregulated with increasing the 
spinning time (Figure 3B). We demonstrated that IGPR-1 gets phosphorylated at 
Ser220 in response to shear stress in a time-dependent manner, therefore, it 






IGPR-1 promotes endothelial cells reorganization under shear stress by 
regulating actin stress fiber formation  
 
Next, we investigated how IGPR-1 affects the morphology of endothelial 
cells under shear stress and if the phosphorylation at Ser220 is required for this 
function. We exposed PAE cells expressing either the empty vector pMSCV, 
IGPR-1, or a mutant form of IGPR-1 (A220-IGPR-1) to shear stress for 24 hours, 
preserving cells from the same passage of each group as static control. The 
mutant IGPR-1 (A220-IGPR-1) expresses the amino acid Alanine instead of 
Serine at the position 220, therefore this receptor can transdimerize but can’t be 
phosphorylated. After 24 hours, we visualized the cells under a light microscope 
and took images to compare their morphology (Figure 4). All the cells in the 3 
groups looked the same while static. Nonetheless, when exposed to shear 
stress, we could clearly see that IGPR-1 expressing PAE cells are forming a 
pattern in which the cells are aligned in the direction of the flow. However, no 
well-defined pattern was detected in PAE cells expressing pMSCV or the mutant 
A220-IGPR-1. 
The cell morphology is predominantly determined by the organization of 
the cytoskeleton. Therefore, we proceeded to stain the cells with Phalloidin, 
which stains actin, in order to get a glance at the intracellular architecture of actin 
microfilaments in the different cell groups under experimental shear stress 
(Figure 5). Similar to what we have seen in the microscopic images, actin stress 
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fibers were organized in a well-defined pattern in PAE cells expressing IGPR-1, 
but not in the empty vector or the mutant A220-IGPR-1 expressing PAE cells.  
Collectively, we conclude that IGPR-1 is a putative mechanosensor that is 
able to detect and transmit shear stress to remodel the morphology of endothelial 
cells through actin stress fibers reorganization. Furthermore, we conclude that 


























IGPR-1 is a novel cell adhesion molecule that is widely expressed in 
endothelial cells and is localized at the AJs (Rahimi et al., 2012; Wang et al., 
2016). Previous studies have identified numerous fundamental function for IGPR-
1 including the regulation of the angiogenic properties of endothelial cells and 
maintaining an effective barrier through cell-cell adhesion (Rahimi et al., 2012; 
Wang et al., 2016). In this study, we examined IGPR-1 activation during 
endothelial cell spreading and monolayer cell formation.  These biological 
processes are essential for establishing connections between the cells and the 
surrounding environment. Furthermore, we investigated the role of IGPR-1 in 
endothelial cells under physiologic shear stress. 
We used PAE cells ectopically expressing IGPR-1 as a model system to 
study the role of IGPR-1 in the context of endothelial cells biology. We found that 
IGPR-1 is activated during cell spreading as was evident by its phosphorylation 
at Ser220. IGPR-1 was phosphorylated after 120 minutes of platting cells in cell 
culture and remained active. Trans-homophilic interaction is required for IGPR-1 
activation during cell spreading, as blocking trans-dimerization of IGPR-1 with 
blocking antibody inhibited phosphorylation of IGPR-1. Moreover, we 
demonstrated that IGPR-1 activity is regulated by cell density. Ser220 
phosphorylation was significantly higher in cell cultures with increased cell 
confluence. However, phosphorylation at Ser220 was significantly diminished 
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when the cells became un-physiologically over-confluent (unpublished data, data 
not shown). 
Endothelial cells are strategically located at the interface between the 
flowing blood and the rest of the vessel wall. Therefore, they are equipped with 
an advanced system of receptors and intracellular pathways which allow them to 
sense and adapt to the external environmental mechanical forces. In order to 
investigate the role of IGPR-1 in the aforementioned process, we exposed PAE 
cells expressing empty vector, wild-type IGPR-1 or Ser220 mutant IGPR-1 
(A220-IGPR-1) to physiological level of shear stress using an orbital shaker. We 
found that shear stress activates IGPR-1 in a time-dependent manner. Moreover, 
it promoted the reorganization of cells expressing IGPR-1 and their alignment in 
the direction of blood flow, as was evident by the intracellular arrangement of 
actin cytoskeleton. None of these changes were detected in PAE cells 
expressing the empty vector or the mutant IGPR-1. Taken together, the data 
suggests that IGPR-1 is a putative mechanosensor, which is able to detect shear 
stress and influence the cells response accordingly. 
The figure below summarizes the proposed mechanism of IGPR-1 
activation in endothelial cells presented in this study. In a nutshell, IGPR-1 is 
activated during cell spreading, and its activity is modulated by the cells density. 
Furthermore, IGPR-1 is activated in response to shear stress. When active, 
IGPR-1 gets phosphorylated at Ser220, which leads to actin filaments 
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reorganization, mediating intercellular adhesion in order to maintain vascular 








Endothelial barrier integrity and its ability to adapt to the external 
mechanical forces are essential processes for maintaining vascular health and 
physiology. If disrupted, profound pathological consequences arise. Leaky 
vessels is the hallmark of numerous serious human diseases, including 
inflammation, diabetes, interstitial lung disease and cancer (Mehta and Malik, 
2008). Furthermore, disturbed shear flow force is associated with the 
Figure 6: The mechanism of IGPR-1 activation in endothelial cells. 
Cell spreading, cell-cell interaction and exposure to shear stress activates 
IGPR-1 in endothelial cells and stimulate its phosphorylation at Ser220, 
which leads to actin filaments reorganization 
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development of atherosclerosis (Hahn and Schwartz, 2009). Therefore, there is a 
fundamental need to understand the molecular mechanisms dictating 
interendothelial adhesion and mechanotransduction. Being one of the endothelial 
cell adhesion molecules and a putative mechanosensor, IGPR-1 loss or 
dysfunction may be an important step in the progression of these diseases. For 
that reason, follow up studies should focus on gaining more insights on IGPR-1 
signaling pathway in endothelial cells, the possible kinases and phosphatases 
responsible for the phosphorylation/ de-phosphorylation of Ser220 and IGPR-1 
degradation pathways. Such studies could open the path for the development of 
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